Met and Ron tyrosine kinases are members of the Scatter Factor Receptor family. Met is the receptor for hepatocyte growth factor while Ron is that for macrophage stimulating protein. On ligand stimulation, activation of these receptors induces 'invasive growth', a complex biological response involved in tissue morphogenesis and, when deregulated, in tumor progression and metastasis. Scatter Factor Receptors share structural homology with Plexins, transmembrane receptors for Semaphorins, a family of ligands originally identified as axon guidance molecules. A physical and functional association between Met and Plexin B1, the prototype of class B Plexin subfamily, has been previously demonstrated. Here, we show that both Met and Ron receptors can interact with each of the three members of class B Plexins, even in the absence of their ligands and that Plexin B1 ligand, Sema 4D, can induce activation of Met and Ron receptors, promoting an invasive response. Furthermore, in some human neoplastic cell lines Plexin B1 is overexpressed, constitutively tyrosine phosphorylated, and associated with Scatter Factor Receptors. These data extend the crosstalk previously described between Met and Plexin B1 to the entire families of Scatter Factor Receptors and class B Plexins and show that interaction with multiple upstream activators can finely tune the invasive growth process both in physiological conditions and in tumor growth and metastatization.
The Scatter Factor Receptor family includes two members: the tyrosine kinase receptor for hepatocyte growth factor (HGF) (Bottaro et al., 1991; Naldini et al., 1991) , encoded by the Met gene, and the receptor for the macrophage stimulating protein (MSP), encoded by the Ron gene (Gaudino et al., 1994; Wang et al., 1994 Wang et al., , 1995 . They are heterodimeric proteins (Giordano et al., 1989) containing in their extracellular moiety a conserved 'Sema' domain of B500 amino acids known to be a protein-protein interaction domain and a cystein-rich motif of B80 amino acids, called Met related sequence (MRS) (Winberg et al., 1998) . Moreover, they have a catalytic region and two tyrosines in their cytoplasmic portions that become tyrosine phosphorylated and recruit effectors and adapter proteins on receptor activation (Ponzetto et al., 1994) . On ligand binding, Scatter Factor Receptors trigger pleiotropic responses, ultimately leading to 'invasive growth', a multistep morphogenic process in which cells dissociate from their neighbors, leave their original environment and migrate into the surrounding territories. Once cells settle into their new location, they increase in number and eventually undergo terminal differentiation. In physiological conditions, a tight regulation of Scatter Factor Receptor activity is mandatory for a correct completion of invasive growth. Deregulation of this process results in cell transformation and acquisition of metastatic properties (for a review see Trusolino et al., 2002) . Overexpression is the most frequent alteration of Met in human tumors (Danilkovitch-Miagkova and Zbar, 2002) while point mutations have been found in hereditary papillary renal carcinomas and in sporadic carcinoma of kidney, liver, stomach and head-neck (Schmidt et al., 1997; Park et al., 1999; Di Renzo et al., 2000; Lee et al., 2000) . Moreover, the role of Met in neoplastic cell spreading has been clearly demonstrated (Giordano et al., 1997; Vande Woude et al., 1997; Di Renzo et al., 2000; Pennacchietti et al., 2003) . An oncogenic role of Ron was also established in colorectal, breast, gastric and lung carcinomas (Maggiora et al., 1998; Willett et al., 1998; Danilkovitch-Miagkova et al., 2003; Zhou et al., 2003) , as well as in experimental models in vivo .
It has recently been shown that Scatter Factor Receptors share structural and functional features with Plexins, transmembrane receptors for Semaphorins, a family of proteins originally identified as axon guidance molecules (Maestrini et al., 1996) . Plexins have been grouped into four classes (A-D) and class B shows the highest similarity to Scatter Factor Receptors. All the Plexins possess both the Sema domain and MRS motives in their extracellular portion (Winberg et al., 1998) . The cytoplasmic region of Plexins, highly conserved during evolution, is devoid of any enzymatic activity, but it can interact, directly or indirectly, with small G proteins, thus exerting a control on cytoskeletal structures (Vikis et al., 2000; Driessens et al., 2001; Aurandt et al., 2002; Perrot et al., 2002; Swiercz et al., 2002) . In our previous work, we showed that Plexin B1 and Met associate in a complex, and that activation of Plexin B1 by its ligand (Sema 4D) stimulates the tyrosine kinase activity of Met, resulting in Met-dependent stimulation of invasive growth (Giordano et al., 2002) .
Aim of the present study was to investigate the relationship between the Scatter Factor Receptors Met and Ron and the three class B Plexins, in order to better understand the interplay between these two classes of receptors and the biological outcome due to these interactions.
To verify if Met interacts only with Plexin B1 or also with other Plexins of the B class, we cotransfected HEK293 cells with human Met and Plexin B1, Plexin B2 or Plexin B3 (each tagged with VSV sequence). Cell lysates were immunoprecipitated with anti-Met antibody and Western blots were stained with anti-VSV antibody (or, in the mirror experiment, immunoprecipitation was performed with anti-VSV antibodies and blots were probed with anti-Met antibodies). The experiment shown in Figure 1a demonstrates that Met interacts not only with Plexin B1 but also with the other class B Plexins. In the case of Plexin B1, we have previously shown that Sema 4D (Plexin B1 ligand) stimulation results in Met activation (Giordano et al., 2002) ; unfortunately, we could not examine if ligand stimulation of Plexin B2 and B3 also results in Met activation since their ligands are still unknown.
We then analysed if Ron, that shares several structural and functional properties with Met, is also showing a weaker interaction with Plexin B2. As a control, the unrelated DCC receptor or a Plexin of a different class, namely Plexin D1, in the same experimental conditions, did not interact with Ron. A weak interaction with Plexin A1 was sometime observed (data not shown). To prove that this interaction was not due to protein overexpression, we checked if endogenous Ron interacted with Plexin B1 (the only Plexin for which specific antibodies are available). As shown in Figure 1c , Ron is indeed able to form a complex with Plexin B1. Altogether these data show that the Scatter Factor Receptor Ron forms a complex with class B Plexins, and that this association is ligandindependent.
We then investigated the biological function of the interaction between Ron and Plexin B1. As we previously demonstrated that Sema 4D stimulation induces Met activation, we considered if Sema 4D stimulation has the same effect on Ron. As shown in Figure 1d , Sema 4D induced Ron activation in HEK293 cells cotransfected with Ron and Plexin B1.
To exclude that this activation is due to a direct binding of Sema 4D to Ron itself, we performed a binding assay in vitro with a soluble Sema 4D linked to alkaline phosphatase (Sema 4D-AP). As shown in Figures 2a and b , no increase in Sema 4D binding was observed in Ron-transfected cells. As a control, cells overexpressing Plexin B1 displayed a marked increase in Sema 4D binding. This experiment demonstrates that Sema 4D does not directly bind Ron but activates this receptor indirectly, through coupling with Plexin B1. We detected co-immunoprecipitation of Ron with Plexin B1 also in NIH 3T3 cells (Figure 2c) , even in the absence of their ligands. Stimulation with either Sema 4D or MSP did not significantly increase the degree of association (data not shown), as previously shown for the association between Met and Plexin B1.
We then evaluated if Sema 4D-activated Ron could induce biological responses. Since the more characteristic biological outcome of Ron activation is the induction of a motile/invasive phenotype, we performed an in vitro invasion assay on Matrigel. NIH 3T3 cells expressing Ron were seeded on the upper surface of a Transwell filter coated with a reconstituted basement membrane (Matrigel) and chemoattractants (MSP or purified Sema 4D) were added in the lower chamber. Cells stimulated with either MSP or Sema 4D were able to induce the invasive response (Figures 3a, b) . The Sema 4D effect was dose-dependent (data not shown) and at the highest concentration tested (30 nM) it was (Follenzi et al., 2000) or with Plexin B1 were incubated for 1 h 30 min at room temperature with HBHA solution (Tamagnone et al., 1999) supplemented with Sema 4D-AP or with the AP alone (Mock). Cells were then washed with HBHA, and fixed with acetone 60% -formaldehyde 3%, (20 min at 601C). The presence of AP was detected with the NBT-BCIP system (Promega). As shown, NIH 3T3 cells stably transfected with Ron did not show increased binding to Sema 4D. (b) COS cells, wt or transfected with Plexin B1 or Ron, were incubated for 1 h 30 min at room temperature with HBHA solution (Tamagnone et al., 1999) supplemented with the indicated doses of Sema 4D-AP or with the AP alone (Mock). Cells were then washed with HBHA, and fixed with acetone 60% -formaldehyde 3%, (20 min at 601C). Specifically bound alkaline phosphatase activity was revealed by pnitrophenylphosphate hydrolysis at 371C in a reaction buffer containing 1 M Tris-HCl, pH 9.5, 1% bovine serum albumin, 1 mM MgCl 2 . Absorbance values were measured at a wavelength of 405 nm and corrected for background absorbance. Scatter factor receptors and B plexins control invasive growth P Conrotto et al comparable with the activity of MSP (100 ng/ml). Since both MSP and Sema 4D are able to activate -directly or indirectly, respectively -the same receptor, we then investigated if they can cooperate. Simultaneous stimulation with MSP and Sema 4D induced a further, marked increase of cell invasion (Figure 3a, c) , showing a cooperative effect of the two ligands. This cooperation was observed also at saturating concentrations of MSP (Figure 3c) , suggesting a possible role of the Plexin per se in inducing an invasive response. In fact, it has recently been shown that class B Plexins can induce cytoskeletal rearrangements through regulation of small G proteins activity (Vikis et al., 2000; Aurandt et al., 2002) . It is interesting to note that we observed the same behavior when we evaluated the ability of Sema 4D to induce a further increase of cell invasiveness at saturating concentrations of HGF (data not shown). Altogether these experiments demonstrate that purified Sema 4D can induce an invasive phenotype through the activation of Ron receptor and that the presence of the two ligands significantly enhances the biological response, further proving that Ron activity is regulated by both MSP and Sema 4D.
We then investigated the role of Scatter Factor Receptors and class B Plexins in human epithelial tumors, where these receptors are usually expressed. On the basis of expression analysis studies previously published (Artigiani et al., 2003) , we examined cell lines where Plexin B1 is overexpressed. As shown in Figure 4a , we found that in colon, liver, pancreas and gastric carcinoma cell lines, the overexpressed Plexin B1 was constitutively tyrosine phosphorylated and associated with activated Met. These data are consistent with our previous work, where we have shown that Plexin B1 overexpression is sufficient to induce Met activation, probably as a consequence of spontaneous clustering of the overexpressed Plexins, already associated with Met receptors (Giordano et al., 2002) . In the colon carcinoma cell line HT-29, the basal tyrosine phosphorylation of Met was further increased on HGF or Sema 4D stimulation (Figure 4b ). To prove that the increased expression of Plexin B1 was indeed responsible for Met activation, we reduced Plexin B1 expression by use of RNA interference. As shown in Figure 4c , when Plexin B1 expression was decreased, Met tyrosine phosphorylation was strongly diminished (while its expression was unaffected) and the invasive ability of these cells, both basal and ligand-stimulated, was strongly reduced, Figure 3 Sema 4D stimulates invasive ability of NIH 3T3 cells expressing Ron. In all, 4 Â 10 4 cells were seeded in Transwell chamber, on the upper side of a porous polycarbonate membrane coated with Matrigel. The medium in both chambers was supplemented with 2% serum; the lower chamber was alternatively supplemented with MSP (100 ng/ml, obtained from infected insect cells as in Maggiora et al., 1998) , Sema 4D (30 nM), MSP and Sema 4D together or a Mock (supernatant of uninfected insect cells). After 16 h, cells attached on the upper side of the membrane were mechanically removed. Cells that migrated to the lower side were fixed and stained with crystal violet. Stained cells were photographed (a) and then solubilized in 10% acetic acid; A 560 was measured in a microplate reader. The obtained values for Mock were normalized to 100, and cells that were able to invade in response to different factors were calculated as percentage increase with respect to the Mock. The data shown (b) represent the mean of six independent experiments. These data demonstrate that purified Sema 4D elicits an invasive phenotype in cells expressing Ron. (c) MSP and Sema 4D cooperate in inducing an invasive response. The cooperation is present also at saturating MSP concentrations. The invasion assay, performed as in (b), was conducted in the presence of saturating concentrations of MSP (300 ng/ml) and increasing concentrations of Sema 4D (indicated)
Scatter factor receptors and B plexins control invasive growth P Conrotto et al compared to that of parental cells. To prove that Met was involved in this invasive response, we reduced its expression by the RNA interference technique, and we showed that cells with a reduced level of Met did indeed display a decreased invasive ability (Figure 4d ).In conclusion, the present work demonstrates that (i) Scatter Factor Receptors Met and Ron interact with all the class B Plexins; this interaction is specific and does not involve Plexins of other classes (Giordano et al., 2002 and data not shown) (ii) Plexin B1 ligand, Sema 4D, induces tyrosine phosphorylation and activation of Ron and Met, unleashing an invasive phenotype; (iii) in tumor cell lines, B Plexins overexpression is associated with concomitant activation of Scatter Factor Receptors, providing a new mechanism of activation of this class of tyrosine kinase receptors. Previous work has proven that there is a crosstalk between Scatter Factor
Receptors and receptors of different families, such as integrin a6b4 (Trusolino et al., 2001; Santoro et al., 2003) , integrin b1 (Danilkovitch et al., 1999 ), CD44 (Orian-Rousseau et al., 2002 and Fas . The functional meaning of all these interactions is not yet completely understood, but they could take on several roles. The association between integrin a6b4 or CD44 and Scatter Factor Receptors regulates the strength and length of the elicited signaling response in an adhesive-dependent manner (Trusolino et al., 2001; Orian-Rousseau et al., 2002; Santoro et al., 2003) . The interaction between Met and Fas prevents Fas selfaggregation and binding of Fas ligand to its receptor and thus regulates cell survival . The recently described association between Ron and hyaluronidase-2 negatively regulates Ron that becomes functionally active only when it is liberated from the Scatter factor receptors and B plexins control invasive growth P Conrotto et al association with this enzyme (Danilkovitch-Miagkova et al., 2003) .
The role of Met/Ron interaction with Plexins could be the fine-tuning of the invasive growth program. Since Scatter Factors are soluble ligands that can diffuse in the extracellular environment, they are not so good as fine modulators of directional movement. On the contrary, membrane-bound Semaphorins, such as Sema 4D, can generate local membrane signals that more finely regulate cell motility. Moreover, through their action on cytoskeleton, Plexins can induce cytoskeletal rearrangements only in those portions of the target cells facing surrounding cells expressing Semaphorins on their membranes. This could allow a finer tuning of directional movements. Moreover, interaction between these two families of receptors unveils a new mechanism that could play a role in the process of metastatization of neoplastic cells since overexpression of class B Plexins or autocrine production of their ligands results in constitutive activation of Scatter Factor Receptors that activate the invasive growth program. Furthermore, the ability of Scatter Factors and Semaphorins to cooperate in inducing this program could lead to activation of their receptors also in the presence of suboptimal concentration of either ligand. Knowledge of Plexin B2 and B3 ligands and of their sites of expression will allow a deeper understanding of the interplay among Scatter Factor Receptors and B Plexins and will show if preferential association between different partners can establish cell-specific responses and/or if they play a different role in physiological conditions or in cell transformation and metastatization.
